ABSTRACT Earth-space interferometry with RadioAstron provides the highest direct angular resolution ever achieved in astronomy at any wavelength. RadioAstron detections of the classic quasar 3C 273 on interferometric baselines up to 171 000 km suggest brightness temperatures exceeding expected limits from the "inverse-Compton catastrophe" by two orders of magnitude. We show that at 18 cm, these estimates most probably arise from refractive substructure introduced by scattering in the interstellar medium. We use the scattering properties to estimate an intrinsic brightness temperature of 7×10 12 K, which is consistent with expected theoretical limits, but which is ∼15 times lower than estimates that neglect substructure. At 6.2 cm, the substructure influences the measured values appreciably but gives an estimated brightness temperature that is comparable to models that do not account for the substructure. At 1.35 cm, the substructure does not affect the extremely high inferred brightness temperatures, in excess of 10 13 K. We also demonstrate that for a source having a Gaussian surface brightness profile, a single long-baseline estimate of refractive substructure determines an absolute minimum brightness temperature, if the scattering properties along a given line of sight are known, and that this minimum accurately approximates the apparent brightness temperature over a wide range of total flux densities.
INTRODUCTION
Earth-space interferometry with RadioAstron extends available interferometric baselines up to ∼360 000 km, offering unprecedented angular resolution at radio wavelengths and new techniques to study emission processes of the most compact active galactic nuclei (AGN) via direct imaging (Kardashev et al. 2013 ). In particular, because the radio emission from AGN is thought to be incoherent synchrotron radiation, the maximum intrinsic brightness temperature is expected to be < ∼ 10 10.5 K if there is equipartition of energy among the particles and fields (Readhead 1994) , or T b < 10 11−12 K if the particle energies greatly exceed the field energies, set by the "inverse Compton catastrophe" (Kellermann & PaulinyToth 1969) . Even the angular resolution of very-longbaseline interferometry (VLBI) with stations spanning the globe is insufficient to identify brightness temperatures that significantly violate these expected limits.
VLBI with RadioAstron is also sensitive to effects from scattering in the ionized interstellar medium (ISM) that are not detectable on shorter baselines. When averaged over long timescales -days to months -the scattering blurs compact features in the image, resulting in lower apparent brightness temperatures. However, on shorter timescales, including individual observing epochs, scattering exaggerates image gradients and introduces spurious compact features, or "refractive substructure," within the scattered image (Johnson & Gwinn 2015) .
In this letter, we study implications of refractive substructure for RadioAstron observations of the bright, nearby, z ≈ 0.158, quasar 3C 273 at wavelengths of λ = 18, 6.2, and 1.35 cm reported by Kovalev et al. (2016) .
SCATTERING THEORY
2.1. Interstellar Scattering Density inhomogeneities in the ionized ISM scatter radio waves, causing scintillation of compact sources, temporal broadening of sharp pulses, and angular broadening of images. The inhomogeneities are often well-described as being localized to a thin "screen" between the observer and the source, with a Kolmogorov-like turbulent cascade on scales ranging from > ∼ 100 AU to < ∼ 1000 km (Armstrong et al. 1995) . The three-dimensional power spectrum of the density fluctuations is P (q) ∼ C 2 N |q| −(α+2) , where α = 5/3 for Kolmogorov turbulence. For reviews of interstellar scattering and scintillation, see Rickett (1990) or Narayan (1992) ; Gurvits (1993) , Shishov et al. (2006) , and Koay & Macquart (2015) specifically address some of the effects of scattering for space VLBI.
This simple but effective scattering model then depends on two characteristic length scales in addition to the power-law exponent α:
1. The phase coherence length, r 0 ∝ λ −2/α , is given by the lateral displacement on the scattering screen over which the root-mean-square difference in the random scattering phase is one radian.
2. The Fresnel scale, r F = DR D+R λ 2π , depends on the distances D, from the observer to the scattering material, and R, from the source to the scattering material. It gives the lateral displacement at which the extra path length relative to the direct path introduces a half radian of phase.
At λ = 18 cm, the scattering along most lines of sight through the Galaxy is "strong": r 0 r F (Walker 1998) . In this regime, the scattered image of a point source extends over a few times the refractive scale, r R = r 2 F /r 0 ∝ λ 1+2/α , and so the stochastic phase introduced by scattering varies by many turns across the scattered image. Note that r R is defined as a lateral length scale on the scattering screen, at a distance D from the observer. At λ = 1.35 cm, the scattering along most lines of sight through the Galaxy is "weak": r 0 r F . In this regime, the scattered image extends over a few times the Fresnel scale, and so the stochastic phase introduced by scattering varies by less than a radian across the scattered image.
Historically for VLBI, the telltale signature of strong scattering has been smearing of images with a scattering kernel of size r R ∝ ∼ λ 2 , resulting in lower apparent brightness temperatures. This effect of scattering is an ensemble-average property -it assumes averaging a scattered image over an infinite time and is therefore deterministic (Fish et al. 2014) .
When averaged over shorter timescales, the scattering imparts stochastic signatures, collectively referred to as "scintillation." Point sources such as pulsars commonly show dramatic 100% modulation of intensity in frequency and time from "diffractive" scintillation. The sizes of larger sources, such as AGN, typically quench the diffractive scintillation, just as stars twinkle but planets do not, and the degree to which the scintillation is quenched can provide estimates of intrinsic source size (see, e.g., Readhead & Hewish 1972; Narayan 1992; Gwinn et al. 1998 ). However, "refractive" scattering effects, reflecting fluctuations on larger scales, can persist for AGN.
Refractive effects are wideband and typically evolve on timescales of days to weeks, although in some sources the timescale can be as short as hours or less, e.g., PKS 0405-385 (Kedziora-Chudczer et al. 1997) . Moreover, while diffractive effects such as scatter broadening become weaker at higher frequencies in the strongscattering regime, refractive effects become stronger until the transition to weak scattering. The most familiar example of refractive scintillation for AGN is flux modulation (Rickett et al. 1984) , and monitoring programs have now systematically studied the flux modulation of hundreds of AGN at frequencies of ∼2−8 GHz (e.g., Rickett et al. 2006; Lovell et al. 2008 ). and discovered another effect from refractive scattering: substructure within the scattered image of a point source. Johnson & Gwinn (2015) showed that this substructure would persist for an extended source, even producing features on angular scales much finer than those intrinsic to the source. Refractive substructure is most easily understood in the geometrical optics limit, where scattering "shuffles" brightness elements of the image, with individual elements being magnified and demagnified across the image but with unchanged brightness.
Refractive Substructure
Refractive substructure thereby produces fluctuations -"refractive noise" -in measured (complex) interferometric visibilities. The effects are especially apparent on long baselines, which are sensitive to the introduced power at small angular scales (see, e.g., Gwinn et al. 2014 ). In the strong scattering regime, an approximate expression for the root-mean-square fluctuations from substructure on a long 13 baseline is (Johnson & Gwinn 2015; 
is the scattered angular size of a point source, θ src is the intrinsic angular size of the source, and θ img ≈ θ 2 src + θ 2 scatt is the ensembleaverage angular size (i.e., the scatter-broadened size). Throughout this paper, we use the full width at half maximum (FWHM) to define the angular size of a source. Note that σ ref is dimensionless and quantifies the fluctuations as a fraction of the total compact flux density, F 0 . Eq. 32 from Johnson & Gwinn (2015) provides a more general expression that is accurate for arbitrary source structure, on all baselines, and in both the weak and strong scattering regimes but which requires numerical integration to evaluate. When substructure dominates the signal on a baseline, the interferometric visibilities will be zero-mean, complex Gaussian random variables with standard deviation σ ref , so visibility amplitudes will be drawn from a Rayleigh distribution. The refractive noise will be correlated over a timescale of ∼Dθ img /V ⊥ , where V ⊥ is the characteristic relative transverse velocity of the Earth and scattering material (throughout this paper, we will use V ⊥ = 50 km/s to estimate timescales). The refractive noise in interferometric visibilities will also be correlated among different interferometric baselines {u, v} with a correlation scale of ∼λ/θ img ∼ r 0 θ scatt /θ img . See §3.2 of Johnson & Gwinn (2015) for a more complete description and derivation of these correlation scales.
For comparison with observations of AGN at wavelengths shorter than 20 cm, we consider the case in which the typical scattering angle is smaller than the intrinsic source size. In this case, θ img ≈ θ src , so
src . For a source with the same brightness temperature at all wavelengths, θ src ∝ λ; this is the typical scaling for a self-absorbed jet (Blandford & Königl 1979) . In this case, the refractive noise on a given baseline increases with wavelength, σ ref ∝ λ α/2 ∝ ∼ λ 5/6 , because although refractive effects become stronger at shorter wavelengths as noted above, quenching of the refractive scintillation by finite source size dominates the wavelength scaling.
In short, refractive scattering exaggerates image gradients and introduces small-scale features into images. When interpreted in the context of a smooth source model, these features may suggest high brightness temperatures, although a perfect image reconstruction would show no brightness temperatures higher than those of the unscattered source.
Minimum Brightness Temperature Inferred from
Substructure When estimating the brightness temperature with sparse baseline coverage, images cannot be reliably formed so the total flux density F 0 of a compact component may not be securely estimated (for simplicity, we will henceforth refer to F 0 as the "core" flux density). Nevertheless, for an assumed Gaussian source with a central brightness temperature T b , a single estimate of the correlated flux density F B on a long baseline B determines an absolute minimum for the apparent brightness temperature, even without knowledge of F 0 (Lobanov 2015) :
This minimum brightness temperature is achieved when F B /F 0 = 1/e. Note that this estimate does not correct for scatter-broadening. When the scattering properties along a given line of sight can be estimated a priori, a single long-baseline measurement that is dominated by refractive noise likewise determines a lower limit on brightness temperature, even when F 0 is not known. This lower limit occurs when the source becomes large so that the refractive noise is quenched as σ ref ∝ θ (Eq. 2) ; the blue dashed line shows the inferred brightness temperature if the RadioAstron detections are refractive noise (Eq. 3). The lower of the two curves determines whether intrinsic structure or scattering dominates F B . T b from intrinsic structure diverges when the core is completely unresolved (F B = F 0 ), while T b from refractive substructure diverges when the normalized visibility F B /F 0 is equal to the expected refractive noise for a point source. For any core flux density F 0 greater than ∼1 Jy, the measurements will be dominated by refractive noise with an inferred T b ≈ 7 × 10 12 K that only weakly depends on the unknown core flux density. For 3C 273, F 0 ≈ 5.0 Jy. Note that this estimate corrects for scatter-broadening. Figure 1 compares the inferred brightness temperatures from intrinsic structure and from refractive substructure for the RadioAstron 18 cm observations (described below) as a function of the core flux density, F 0 .
OBSERVATIONS
The observations of 3C 273 reported by Kovalev et al. (2016) were made in December 2012 to February 2013 with RadioAstron in concert with the Green Bank Telescope (GBT), the phased Karl G. Jansky Very Large Array (VLA), the 100-meter Effelsberg radio telescope, and the 305-meter Arecibo Telescope at λ=18, 6.2, and 1.35 cm. 3C 273 was detected on baselines exceeding 100 000 km at each of these wavelengths. At 18 cm, detections on two epochs had correlated flux densities of 42±7 mJy and 52±9 mJy on baselines of 157 000 km and 171 000 km, respectively. At 6.2 cm, detections on two epochs had correlated flux densities of 125 ± 17 mJy and 123 ± 19 mJy on baselines of 90 000 km and 103 000 km, respectively. At 1.35 cm, the single epoch with a detection found a correlated flux density of 125 ± 22 mJy on a baseline of 103 000 km. These errors include amplitude calibration uncertainties; the fringe amplitude had a signal-to-noise ratio > ∼ 10 in all cases. Kovalev et al. (2016) estimate the core flux densities to be F 0 = 5.0 Jy at 18 cm, 4.3 Jy at 6.2 cm, and 3.4 Jy at 1.35 cm. . The effects of substructure at 18 and 6 cm are readily apparent even when the typical scattering angle is smaller than the intrinsic angular structure.
SCATTERING AND SUBSTRUCTURE OF 3C 273
Because 3C 273 lies at galactic coordinates = 289.95
• and b = +64.36
• , the scattering properties along its line of sight are typical of extragalactic sources that are well away from the Galactic plane. Moreover, because angular broadening preferentially weights nearby material (Blandford & Narayan 1985) , the substructure for extragalactic sources is overwhelmingly dominated by scattering within the Milky Way (see, e.g., Koay & Macquart 2015) . For 3C 273, the NE2001 model of the Galactic distribution of free electrons predicts an angular broadening of θ scatt ≈ 0.75 mas at an observing frequency of 1 GHz (Cordes & Lazio 2002) . We scale this estimate to other wavelengths assuming that θ scatt ∝ λ 2 (a Kolmogorov scaling, θ scatt ∝ λ 11/5 , gives similar results). Figure 2 shows simulated images of the refractive scattering in each RadioAstron observing band.
At λ = 18 cm, detections with RadioAstron imply a brightness temperature of T b > ∼ 10 14 K for Gaussian source models with no refractive substructure (after accounting for scatter broadening). However, the expected refractive noise on these baselines would then be ∼5 times larger than the observed signal (see Figure 3) . Thus, these Earth-space visibilities are most likely the first detections of refractive substructure in an extragalactic source. To reproduce the observed long-baseline detections via refractive noise requires a source size of approximately 570 µas with a corresponding brightness temperature of T b ∼ 6.8 × 10
12 K if the core flux density is F 0 = 5.0 Jy. This estimate is rather insensitive to the assumed core flux density (see Figure 1) .
At λ = 6.2 cm, estimates from intrinsic structure and from substructure both give T b ∼ 1.4 × 10 13 K (see Figure 3) . Because the contribution of refractive noise is stochastic, one could determine whether substructure is dominant by examining the correlated flux density on different observing epochs separated by more than Dθ img /V ⊥ ∼ 1 week. Absence of variation would be a secure indication that long-baseline measurements are not the result of substructure.
At λ = 1.35 cm, the expected refractive noise for a Gaussian source that matches the long-baseline detections (θ src = 26 µas) is a factor of ∼4 smaller than the observed signal, showing that these detections are likely signal-dominated for a source with brightness temperature T b ≈ 1.3 × 10 13 K. The detections also determine an upper limit, T b < ∼ 7 × 10 13 K, for the brightness temperature, since the refractive noise of a significantly more compact source would exceed the measured visibilities.
Although we have assumed specific parameters to describe the scattering, the inferred brightness temperature is not sensitive to changes in these parameters. For example, the inferred T b varies by only 10% for α ranging between 1.66 and 1.9 while fixing θ scatt . Likewise, a scattering screen placed at 10 kpc rather than 1 kpc would have a corresponding refractive noise that is 10 −1/6 ≈ 0.68 times the current estimates, so the estimated brightness temperature from substructure would be higher by a factor of 10 1/6 ≈ 1.47. Our estimates of T b also depend on θ scatt (see, e.g., Eq. 3), which we have estimated using the NE2001 model. Previous observations have found tolerable agreement with this model, often to within a factor of ∼2 (Lazio et al. 2008) , although more detailed study is essential and it remains difficult to confidently identify Figure 3 . Visibility amplitude vs. baseline length for circular Gaussian source models; the solid line shows the ensemble-average visibility amplitude ("signal") while the dashed line shows the root-mean-square refractive fluctuations σ ref ("noise") . Each model has a total compact flux density that is equal to the estimates that Kovalev et al. (2016) derived via an imaging analysis with ground-based VLBI; the corresponding zero-baseline value and sampled baseline lengths (up to ∼10 4 km) are denoted by a heavy horizontal tick in each panel. At each baseline, the higher of the two curves determines whether intrinsic structure or refractive noise will dominate measured visibilities. RadioAstron detections are shown as black points with ±1σ error bars that include calibration uncertainties. Three Gaussian models are also shown: brightness temperatures of 10 12 K (blue), 10 14 K (red), and wavelength-dependent best-fit models to the RadioAstron long-baseline detections (green). At λ=18 cm, the RadioAstron detections are dominated by refractive noise, and the noise level provides an estimate of the apparent brightness temperature; at 6.2 cm, the detections reflect a combination of ensemble-average visibility and refractive noise; and at 1.35 cm, the detections are dominated by the ensemble-average visibility. The center figure also shows the middle 68% range of refractive noise amplitudes expected for the middle model as a shaded region. The range is highly asymmetric -within individual epochs, null detections are much more likely than amplitudes significantly higher than the root-mean-square noise. Note also that the zero-baseline noise for each model gives the predicted refractive modulation of the total flux density for the compact component.
the weak angular broadening of high-latitude sources.
The stochastic nature of refractive noise also contributes uncertainty to estimates of T b . A measured set of long-baseline visibilities determines an estimate of σ ref , and for measurements that are dominated by refractive noise, σ ref ∝ T b . Because the Rayleigh distribution contains significant power for samples below the root-meansquare, the posterior distribution of σ ref may be weakly constrained: for a single measurement, the middle ±1σ range for the posterior distribution of σ ref spans a factor of ≈7, while for two measurements, the inner ±1σ range spans a factor of ≈2.5. In each case, the range is highly asymmetric about the root-mean-square, primarily extending to larger values of σ ref . Thus, the true brightness temperatures may be up to a few times higher than what we have inferred but could not be significantly lower. Conversely, since our measurements only address the detections with RadioAstron on long baselines, and there were other observing epochs with no detections on comparable baselines, these measurements may be biased by sampling only the high end of the Rayleigh distribution. In this case, the root-mean-square refractive noise may be up to a factor of ∼2 smaller than our estimates implying a lower T b by a factor of ∼2.
SUMMARY
On long baselines, refractive noise from interstellar scattering likely dominates RadioAstron detections of 3C 273 at λ=18 cm, is probably comparable to the observed signal at 6.2 cm, and is likely insignificant at 1.35 cm. At 18 cm, the brightness temperature estimate after accounting for refractive noise is T b ∼ 7 × 10 12 K. This brightness temperature at 18 cm is 15 times lower than the estimate for a smooth, scatter-broadened Gaussian source.
Our results, the first detection of refractive substructure in an extragalactic source, demonstrate the importance of refractive substructure for Earth-space VLBI. Traditionally, refractive flux modulation has been proposed as the most promising signature of scattering to study in parallel with space VLBI (e.g., Dennison et al. 1993) . However, studies of flux modulation require regular monitoring of the total and correlated flux, they cannot always unambiguously disentangle the scattering fluctuations from those that are intrinsic to the source, and the results can be sensitive to the unknown fraction of the total flux density in the compact, scintillating component. Note also that the flux modulation predicted for 3C 273 in our models (see Figure 3 ) is probably only detectable at 18 cm, and at that wavelength would have a decorrelation timescale Dθ img /V ⊥ ∼ 1 month that is comparable to the timescale for intrinsic variability. In contrast, studies of refractive scintillation with Earthspace VLBI can obtain meaningful information about the source and scattering with individual observing epochs, and the results are insensitive to the total flux density. Consequently, estimates of brightness temperature with sparse baseline coverage can be improved by refractive scattering. If multiple epochs are combined, then additional detailed information can be derived, including the scattering timescales involved. For instance, the dependence of refractive noise on baseline length determines the power-law exponent α for large-scale turbulence in the scattering region, which we have simply assumed to be the Kolmogorov value (α = 5/3). Thus, our discovery of refractive substructure in AGN offers a new, robust pathway for estimating the brightness temperatures of compact sources with sparse baseline coverage and for studies of large-scale scattering.
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